With regard to the development of a liquid rocket engine, it is very important to know the unsteady characteristics of turbopumps for the increase of rocket reliability. Numerical simulation is very advantageous to know the unsteady characteristics of turbopumps, which contributes to decrease the cost and the number of experiments. In the dynamic analysis, the dynamic characteristics of a cavitating inducer are known as very critical and complex factors. However, almost all analytical models of cavitating flow of a rocket engine feed system have assumed such flow to be incompressible and have treated it linearly. In the present study, the effect of compressibility of a liquid hydrogen (LH 2 ), which is the cryogenic propellant, and the effect of non-linearity of flow on the dynamic response of a high pressure turbopump were taken into consideration. The results of calculation were compared with a non-linear incompressible mathematical model. Design parameters of the LE-7 engine were used to simulate the steady state conditions. The effects of dynamic characteristics of a cavitating inducer, such as cavitation compliance and mass flow gain factor, and the effect of pipe elasticity were also analyzed.
INTRODUCTION
The turbopump is a key component of liquid rocket engines, which makes high pressure combustion posssible. To achieve a high performance rocket, there must be a high pressure turbopump which is both compact and light. Turbopump must rotate with very high speed to be compact and light and an inducer is attached to the front of the main impeller to prevent cavitation from occurring there in and causing pump suction performance down. However, cavitation also arises in the inlet section of the inducer because a very high suction performace is needed for a high pressure turbopump. This cavitation causes considerable vibration and oscillation problems in a propellant feed system. Rotating cavitation and cavitation surge are the main problems in rocket pumps. They can cause turbopump rotorvibration or system malfunction.
During a launch sequence, a rocket engine experiences many transient stages such as chilling and engine start, thrust control, engine shutdown and reignition, etc. Stable operation of an engine system during these stages is a very important design criterion for rocket engine reliability, and thus unsteady performance tests constitute the major part of rocket engine tests. Numerical simulation enables us to know the unsteady behavior of system and helps make it possible to decrease the cost and the number of tests. Of all factors affecting the rocket engine feed system, the dynamic characteristics of a cavitating inducer are known to be the most critical and complex, and thus they have been investigated by many researchers. Brennen and Acosta [1] [2] [3] [4] have derived turbopump characteristics parameters, cavitation compliance ( C B ) and mass flow gain factor ( M B ), and Tsujimoto, Kamijo and Shimura [5] [6] [7] [8] [9] have analyzed the effects of these parameters theoretically and experimentally. The cavitation compliance ( C B ) is defined as the ratio of the cavity volume change rate to the pump inlet pressure change rate and the mass flow gain factor ( M B ) is defined as the ratio of the cavity volume change rate to the change rate of the pump inlet flow rate. As these parameters are particularly important in stability analyses of rocket engines, considerable efforts have been made to analyze and evaluate them by many researchers. However, quantitatively applicable analyses or design criteria for turbopumps are not available until now because there is significant non-linearity in real systems and, moreover, cryogenic propellants such as liquid hydrogen and liquid oxygen have the effect of compressibility. Most analytical models to date have been based on linear incompressible mathematical models which are unable to accurately simulate the flow of highly compressible propellants such as liquid hydrogen. In this paper, the effect of the compressibility of liquid hydrogen on the dynamic response of LH 2 feed system, was analyzed. LH 2 pumping system of the LE-7 engine, including pipes, was modeled by a one-dimensional non-linear compressible mathematical model and the simulation results of dynamic response to tank pressure drop or pump outlet blowdown pressure drop were compared with those of a non-linear incompressible mathematical model. Effects of cavitation compliance and the mass flow gain factor on system stability were quantitatively analyzed by spectral analysis of the time-dependent simulation results.
NOMENCLATURE
A Figure 1 shows schematic of the LH 2 pumping system of the LE-7 engine, which is composed of a propellant tank, a pump including an inducer, and inlet and outlet pipes. In this research, this system was modeled as a one-dimensional flow circuit and the LH 2 pump was modeled as a tapered pipe whose length was obtained as 7.2 m. Figure 2 shows a schematic of nodes and branches, which shows the modeling of this research. The inlet pipe, pump and outlet pipe are divided into L, M and N cells, respectively. Each cell is composed of a node and a branch. Mass and energy are conserved in each node and momentum is conserved in each branch.
Pipe Model
A rocket engine feed system can be considered as a piping system and a pipe model is the basis of each component. The mass conservation equation, momentum conservation equation and energy conservation equation are as follows:
and
The equation of state is defined in a branch and Van der Waals equation was used for it. The parameters a, b and R were obtained so that the equation is consistent with the physical properties of LH 2 , which is used in the pumping system of LE-7 engine:
Pressure, temperature and mass flow rate of each branch were averaged to obtain those of each intermediate node.
Density of each node is averaged to obtain that of each intermediate branch:
Pump Model
As mentioned above, governing equations of the pipe model can be applied to the pump model with a slight change. The mass conservation equation is the same as equation (1), and the momentum conservation equation and energy conservation equation are as follows:
where required work for the pump, Q k , is calculated as follows:
During a launch sequence of the rocket engine, the inducer is under cavitating conditions. The following cavitation equations are applied to the last cell of the inlet pipe.
The mass conservation equation and the energy conservation equation are as follows:
(13) Cavity volume variation is a function of pump inlet pressure variation and pump inlet mass flow rate variation as follows:
where C B is cavitation compliance and M B is mass flow gain factor. Because there is no available data on liquid hydrogen, the calculated data such as * B C and * B M , for water by Brennen and Acosta [1] was used after dimensionalization as follows [9] :
PIPE ELASTICITY MODEL
Pipes have very thin walls and are deformable by pressure fluctuation. Pipe elasticity coefficient, α , is defined as follows:
where l is pipe length and h is head. For LH 2 feed system, it was calculated as 3.3382 × 10 -8 m. Using equation (17), the volume variation of each cell can be obtained as follows:
INCOMPRESSIBLE FLOW MODEL For the case of incompressible flow, the mass flow rate varies with time but does not vary with space. The only parameter which varies with both time and space is pressure. Pressure is defined in a node. Therefore, from Fig. 2 , it is possible to consider that there is only node for each cell. However, for the cavitation model, the mass flow rate becomes discontinuous due to the cavity and only one conservation equation is needed.
Momentum conservation equations of the inlet pipe and outlet pipe are as follows:
where M 
The mass conservation equation and the equation of dynamic characteristics of the cavitation are as follows:
where M C and P C are the mass flow rate and pressure of the cell in which cavitation occurs. M C is calculated as follows:
For cells which are immediately upstream and downstream of the cavity, momentum conservation equations become as follows: 
SOLUTION METHOD
As mentioned above, there is no available data for C B and M B of cryogenic propellants. Therefore, the calculated values, B C and B M of equation (15) and (16), were chosen as reference values. However, these values were calculated from water and do not involve the effect of compressibility. Therefore, those were multiplied by some scale factors and stability analyses were conducted. Simulations were conducted for two cases, namely, when tank pressure suddenly drops by 5% and when pump outlet blowdown pressure suddenly drops by 5%. The inlet boundary is a tank and the outlet boundary is a branch of the last cell of the outlet pipe. Pressures of the inlet boundary and the outlet boundary were used as input variables. Temperature, density and mass flow rate of the tank were assumed to be constant and Neumann conditions were applied to the temperature of the inlet boundary and the density of the outlet boundary. The time constant of disturbance was assumed to be 5 × 10 -4 seconds. The resistance coefficient of each cell was determined so that the steady state conditions were consistent with the experimental data of the LE-7 engine. The inertance coefficient of each cell was calculated taking the system geometry into consideration. Unsteady conditions were calculated using the 4th order Runge-Kutta method until 1 second.
With regard to the calculation of compressible flow, the results were very sensitive to the number of divisions of the inlet pipe. When there were 2 divisions, the results were at a low frequency, but when there were more than 2, the results were at a high frequency and it was impossible to calculate the unstable dynamic response. We thus analyzed only the low frequency result by limiting the number of divisions of the inlet pipe to 2. The result were also sensitive to the number of divisions of the pump, and system stability became low as it became large. Consequently, we divided the system into the same number of divisions, namely, 2, 38 and 2 for the inlet pipe, pump and outlet pipe, respectively. Figure 3 shows the effects of C B and M B on the dynamic response of the LH 2 feed system. As C B becomes large, the dynamic response frequency becomes low and the dynamic response tends to become stable. As M B becomes large, the dynamic response amplitude becomes large and system stability becomes low. Figures 4(a) and 4(b) show the neutral stability line and dynamic response frequencies of the LH 2 feed system for two cases of flow, namely, compressible and incompressible. C B is scaled from 0.01 B C to 10 B C and M B is scaled from 0.01 B M to 10 B M . The neutral stability line is nearly longitudinal and the lines of equal frequencies are almost horizontal. From these results, it can be said that C B has a dominant effect on the dynamic response frequency and M B has a dominant effect on system stability. For the stability of the incompressible model, the effect of C B is also large.
RESULTS AND DISCUSSION

EFFECT OF CAVITATION COMPLIANCE ( C B ) AND MASS FLOW GAIN FACTOR ( M B )
EFFECT OF COMPRESSIBILITY
From Fig. 4 , we can say that the results of the compressible model are more stable and have lower frequency responses than those of the incompressible Figure 5 shows the dynamic response of the LH 2 feed system with 5 B C and 0.1 B M to a tank pressure drop of 5%. Figures 5(a) , 5(b) and 5(c) show pump inlet pressure variation, cavity volume variation and pump outlet pressure variation, respectively. The response frequency of the compressible model is lower than that of the incompressible model and pressure oscillation is rapidly damped. Figure 6 shows the dynamic response of the LH 2 feed system to a pump outlet blowdown pressure drop of 5%. Figures 6(a), 6 (b) and 6(c) show pump inlet pressure variation, cavity volume variation and pump outlet pressure variation, respectively. In Fig. 5(a) , the amplitude ratio of the compressible model to the incompressible model is near 1, but in Fig. 6(a) , the ratio is much lower than 1. This means that the compressibility effect is more dominant for the case of disturbance downstream of the pump than for the case of disturbance upstream of the pump. For the compressible model, disturbance downstream of the pump only slightly affects the flow upstream of the pump. The reason for this seems to be that disturbance energy downstream of the pump is absorbed into the pump by LH 2 compressibility. Figure 7 shows the effect of pipe elasticity on the LH 2 feed system. System oscillation becomes slow when pipe elasticity is taken into consideration. By comparing Fig. 3(a) and Fig. 7 , it can be seen that the effect of pipe elasticity is very similar to the effect of cavitation compliance.
EFFECT OF PIPE ELASTICITY
CONCLUSIONS
Dynamic response characteristics of the LH 2 rocket pump was analyzed by a new numerical simulation method utilizing a one-dimensional non-linear compressible flow model. The main results were as follows, 1 . For the compressible model as well as for the incompressible model, it was obvious that cavitation compliance (C B ) has a dominant effect on system response frequency and that the mass flow gain factor (M B ) has a dominant effect on system stability. 2. The response frequency of the compressible model is less than that of the incompressible model and its amplitude more rapidly decreases than that of the incompressible model. 3. For the compressible model, disturbance downstream of the pump is absorbed into the pump and does not affect the flow upstream of the pump so much. 4. System response frequency becomes low when the effect of pipe elasticity is taken into consideration and this effect is very similar to the effect of cavitation compliance.
